Interference of the nutritional condition of the rat with peripheral glucose regulation determined by CNS mechanisms. PHYSIOL BEHAV 35(3) 405--410, 1985.--Glucose and insulin levels of the cerebrospinal fluid (CSF) were changed by an infusion of either glucose, insulin or a mixture of glucose and insulin in the third ventricle of freely moving undisturbed rats. Before, during and after infusions venous blood samples were withdrawn to determine insulin-and glucose concentrations. In rats on carbohydrate rich food neither plasma insulin nor blood glucose changed during infusion of either glucose, insulin or a mixture of both. However, in rats on carbohydrate free food an immediate decline in blood glucose of about 7 mg/dl occurred during and after glucose infusion. During insulin infusion in the third ventricle a rise in blood glucose of about 7 mg/dl occurred 15 min after the start of the infusion. During infusion of a mixture of glucose and insulin, blood glucose rose slightly and reached a value which was in between those attained when glucose and insulin were infused separately. Plasma insulin did not change following central infusions. It is argued that the central nervous system (CNS) is sensitive to changes in CSF levels of glucose and insulin and affects peripheral glucose homeostasis mainly by changing glucose output from the liver. This action of the CNS, however, is dependent on the nutritional condition of the animal.
SINCE the classical observation by Claude Bernard in 1849 that puncture of the floor of the fourth cerebral ventricle of rabbit causes glucosuria [1] many investigators have contributed to the establishment of powerful evidence that the central nervous system (CNS) influences the regulation of peripheral metabolism (for review see [30] ). The lateral hypothalamic area (LHA) and ventromedial hypothalamus (VMH) are involved in the direct regulation of plasma concentrations of the major fuel substrates (glucose and free fatty acids (FFAs)) and their most important regulating hormones (insulin and glucagon). Electrical stimulation of the VMH in the rat leads to a rapid increase of plasma glucagon and glucose [5] . Infusion of norepinephrine (NE) in the VMH of rat elicits glucagon release and a rise of both blood glucose [19] and plasma free fatty acids (FFAs) [20] . NE infusion in the LHA of rat leads to insulin release [21] and a decrease of plasma FFAs [20] . The VMH and LHA directly may also affect glycogenolysis and glycogenesis in the liver with concomitant changes in blood sugar levels via a neural pathway without intervention of the hormones of the islets of Langerhans [14] . The question arises now as to the nature of pathways by which the VMH and LHA are informed to intervene with peripheral metabolism. It can be hypothesized that information related to peripheral glucose and FFAs is measured either in the periphery itself or in the CNS or a combination of both. Regarding the first supposition, data are available in literature that the liver contains glucose sensitive receptors which carry their information via the vagus to the LHA [10] . Data to support the supposition that the CNS itself measures glucose are scanty [11, 12, 25] certainly in the freely moving undisturbed animal. It is quite tenable that the CNS measures glucose since peripheral glucose can penetrate into the cerebrospinal fluid (CSF) in dog [28] and rat [ 1 l ] and thereby glucose might be able to stimulate neurons of the LHA because the LHA contains glucosensitive neurons [12] . Up to now a careful analysis of an increased CSF content of glucose on peripheral glucose level is absent. Data available have been obtained in either starved [25] or semistarved animals [ll] . The aim of the present investigation was to study peripheral glucose levels during prolonged increases of CSF glucose levels in freely moving rats fed ad lib both with carbohydrate rich and carbohydrate free food. Carbohydrate free food was chosen because the rats must synthetize all glucose by gluconeogenesis and, therefore, may be more sensitive to defend their peripheral glucose utilisation. To obtain information about the mechanism by which a CNS mediated contingent defense of peripheral glucose levels is achieved, 405 plasma insulin was also measured. Because not only glucosensitive neurons are present in the LHA but also glucoreceptor neurons in the VMH which are sensitive to a combination of glucose and insulin [ 12] likewise insulin and a mixture of glucose and insulin were infused in the CSF of rats fed either carbohydrate rich or carbohydrate free food.
GENERAL METHOD

Subjects and Maintenance
Male Wistar rats weighing 330-370 g at the beginning of the experiments were used. They were kept individually in Plexigias cages (25×25×30 cm) at room temperature (20°C-+2 °) and had continuous access to food and water unless otherwise stated. They were maintained on a 12 hr light-dark cycle (6:00-18:00 light). The carbohydrate rich diet (Muracon ®, Lab chow) contained 20% protein, 53.5% carbohydrate, 4.5% fat and 22% water with added vitamins and minerals. The carbohydrate free diet contained 22% protein, 33% fat and 40% cellulose with added vitamins and minerals. The powdered carbohydrate free diet was mixed with an equal weight of water to obtain a wet mash which was replaced every day to avoid decay. Before the start of an experiment the animals were habituated at least during 14 days to the appropriate diet.
Surgery
All surgery was performed under ether anesthesia. A one week recovery period was allowed between subsequent operations. The experiments started as soon as the rats returned to pre-operative weight. There were no significant differences in body weight of the rats at the beginning of an experiment. 
Implantation of Brain Cannulas
Implantation of Heart Catheters
All animals were provided with a heart catheter through the jugular vein according to the techniques described previously [18] . This method allows blood sampling in unanesthetized, undisturbed, freely moving rats.
Blood Sampling and Infusion Procedure in the Third Ventricle
Twenty minutes before the start of the experiment the animals were connected with two tubes: one tube (L 50 cm; o.d., 1.25 mm; i.d. 0.75 mm) was attached to the heart catheter needle at the top of the skull from which blood was sampied as described earlier [17] , the second tube (L I00 cm; o.d. 0.61 mm; i.d. 0.20 mm) was attached to the third ventricle cannula. The other end was connected with an infusion pump. To prevent unwanted twisting of the infusion tube this tube was provided with a swivel joint, as described earlier [22] . Instead of the 23 g needle a 30 g needle was used. Before connecting the tube to the third ventricle needle and pump the tube was filled with the desired infusion fluid. Two centimeters from the end of the tube attached to the pump an air bubble (L 2 ram) was introduced. After the beginning of third ventricle infusion start of moving of the air bubble was designated as time 0. Constant moving of the air bubble during the experiment ensured a uniform infusion rate which was 0.25/~l/min. Since the duration of infusion was 60 min the volume of infusion fluid in the tube was sufficient so that the air bubble did not enter the third ventricle. Blood samples of 0.2 ml were withdrawn at time points -20, -10, 0, 5, 10, 15, 20, 30, 40, 50, 60, 65, 70, 80 and 90 min, whereas fluid was infused in the third ventricle from time point 0 until time point 60 rain. To avoid diminution of the blood volume with related changes in hemodynamics, transfusions of 1 ml citrated donor blood were given at time points -10, 20 and 60 rain. To prevent adsorption of insulin to the wall of the polyethylene infusion tubes and the glassware during preparation of the solutions 0. l ml rat plasma was always added to each 0.9 ml of diluting fluid (0.9% NaC1). The presence of the rat albumin in the infusion fluids was sufficient to avoid adsorption of insulin. This was checked by withdrawal of samples at the time points as in the infusion experiments in the rats, but the samples were taken when the fluid was flowing freely out of the infusion tubes. In all cases a solution with the calculated content of insulin was found. To avoid a contingent influence of the infusion of albumin in the CSF on the results rat plasma was also added to the infusion fluid in experiments in which insulin was not infused in the third ventricle.
Chemical Determinations
The blood samples were transferred immediately to chilled (0°C) centrifuge tubes containing 5/zl heparin solution (500 U/ml) as anticoagulant. Blood glucose was measured by the ferricyanide method of Hoffman (Technicon Autoanalyzer TM II) with 0.05 ml blood taken from the 0.2 ml sample. The remaining 0.15 ml blood was centrifuged at 4°C, whereupon the supernatant was removed and stored at -30°C until determination of insulin, Rat specific plasma immunoreactive insulin (IRI) was determined by means of a radioimmunoassay kit (NOVO). Guinea pig serum M8309 served as antiserum for the insulin assay. Duplicate assays were performed on 25/zl plasma samples. The bound and nsI labeled insulin was separated by means of a polyethylene glycol solution (23.75% wt/wt) as suggested by Henquin et al. [7] .
Histology
Cannula placement was checked as follows: the rats were anesthetized with ether and perfused with 10% formalin. The brains were removed and stored overnight in 4% formalin and 30% sucrose. They were quickly frozen in melting isopentane (-80°C) and cut at 40 microns on a cryostat microtome. Brain slices were stained with cresyl fast violet, examined under a light microscope and compared with the atlas of De Groot [4] . Only the results of rats with correct cannula placement, i.e., deep in the third ventricle, were used. In most cases correct cannula placement could be already observed during experimentation, viz. when clear CSF was running out of the third ventricle cannula after removal of the stainless steel obdurator.
Statistics
Student 't' test for matched pairs was used if levels of blood components obtained during infusion in the third brain ventricle were compared with pre-infusion levels. MannWhitney U-test was applied if levels of blood components obtained during either glucose, insulin or glucose + insulin infusion in the third brain ventricle were compared with those obtained during saline infusion in the third ventricle. p<0.05 was taken as criterion of significance.
EXPERIMENT 1
The purpose of this experiment was to investigate the peripheral glucose and insulin levels during an infusion of glucose into the third ventricle in rats habituated to either carbohydrate rich food or carbohydrate free food.
Method
Nine rats accustomed to carbohydrate rich food were infused with glucose in the third ventricle over a period of one hour at a rate of 16/zg glucose per min. Seven rats in the same condition served as a control and received saline with added rat plasma at a rate of 0.25/.d/min during one hour. With carbohydrate free food five rats participated in the experiment both with glucose and saline infusion in the third ventricle.
Results
The results of this experiment are presented in Fig. 1 and Table 1 . With carbohydrate rich food neither blood glucose nor plasma insulin (data are not presented) was different in the condition when glucose or saline were infused in the third ventricle. With carbohydrate free food blood glucose decreased significantly as a result of glucose infusion in the third ventricle against both pre-infusion levels and levels reached during infusion of saline. The latter also elicited a small decrease of blood glucose. Plasma insulin was the same except at time points 80 and 90 min, irrespective whether the rats were infused with glucose or saline in the third ventricle.
EXPERIMENT 2
This experiment investigated the peripheral glucose and insulin levels during an infusion of insulin in rats habituated to either carbohydrate rich food or carbohydrate free food.
Method
Seven rats habituated to carbohydrate rich food were infused with insulin in the third ventricle over a period of one hour at a rate of 5/xU insulin per min. Seven rats in the same condition served as a control and got saline with added rat plasma at a rate of 0.25/zl/min during one hour. Five rats accustomed to carbohydrate free food participated in the same way in this experiment (i.e., with insulin and saline infusion in the third ventricle).
Results
The results of this experiment are described in Fig. 2 and Table 1 . With the carbohydrate rich food neither blood glucose nor plasma insulin (data are not presented) changed whether insulin or saline was infused in the third ventricle. On the other hand blood glucose rose significantly when insulin was infused in the third ventricle against both preinfusion values and values reached during infusion of saline. Plasma insulin did not differ from pre-infusion levels during insulin infusion. A small decrease from pre-infusion levels occurred during saline infusion.
EXPERIMENT 3
In this experiment a solution containing glucose and insul•n was infused in the third ventricle. The aim was to investigate whether the opposite effects on blood glucose exerted by glucose and insulin, when infused separately in the third ventricle, could be cancelled when a combination of both substances was infused.
Method
Six animals habituated to carbohydrate-rich food were infused during one hour with a solution containing 16 t~g glucose and 5 ~U insulin per 0.25/~l at a rate of 0.25 ~1 per min. Seven rats likewise on carbohydrate rich food served as controls and received saline with added rat plasma at a rate of 0.25 IA per rain during one hour. Five rats habituated to carbohydrate free food were infused in the same way with either a combination of glucose and insulin or saline in the third ventricle.
Results
The results of this experiment are depicted in Fig. 3 . and Table 1 . With carbohydrate rich food neither blood glucose nor plasma insulin (data are not presented) differed in the condition in which a combination of glucose and insulin was infused in the third ventricle from the one in which saline was infused. With carbohydrate free food blood glucose rose slightly during an infusion of glucose and insulin. This rise was significantly smaller than in the situation in which only insulin was infused in the third ventricle. Plasma insulin did not differ from pre-infusion levels during insulin infusion, nor could a difference be observed with the condidion in which saline was infused.
DISCUSSION
Recent findings from several laboratories indicate that either electrical [5, 15] or chemical [8, 15, 19, 21] manipulation of the VMH and LHA profoundly influences hepatic glucose output and concomitant blood glucose levels either directly or indirectly via insulin and glncagon. Up to now it is not clear if changes in peripheral glucose and insulin levels can be regulated by a feedback loop in which the CNS is involved. The way in which the CNS might interfere is unknown too. First it could be argued that receptors for insulin and glucose are present in both peripheral blood vessels and blood vessels in the CNS. The information from these receptors might modify glucose output from the liver and hormone release from the islet of Langerhans via a CNS pathway. Secondly the CNS itself might be able to measure peripheral glucose and insulin after reaching it via the CSF. Both view-points could be supported by data in literature. Glucose receptors are present in the liver which transfer their information to the VMH and LHA [I0]. Injections of small amounts of insulin into the carotid artery causes an immediate decline of blood glucose whereas a similar injection into the jugular vein is without effect, indicating the presence of glucoregulator areas in the brain blood vessels [23] . Injection of insulin or glucose into the brain ventricles leads to a decrease of plasma FFA and a slight increase of blood glucose [2] . Insulin injection into the VMH results in a decline of plasma insulin levels [8] . Moreover the existence of glucosensitive neurons in the LHA and insulin sensitive glucoreceptor neurons in the VMH has been demonstrated [12] . CSF glucose and insulin levels may be physiologically important in the above mentioned feedback loop because both glucose and insulin can penetrate into the CSF across the blood brain barrier in dogs [28] . Though we reported that glucose crosses the blood brain barrier whereas insulin failed to do so [11] application of a very sensitive assay for CSF insulin showed that insulin also crosses the blood brain barrier in rats with a delay of minimally 10 min (Porte, Woods and Steffens, unpublished observations).
Ritter et al. showed that glucoreceptors in the fourth ventricle might be responsible for regulation of peripheral glucose levels [13] . Taking these data together, strong evidence is now available that CSF levels of both glucose and insulin can interfere with regulation of peripheral glucose and FFAs.
However, in our study we found a decline in blood glucose during glucose infusion in the third ventricle and a rise in blood glucose during insulin infusion in the third ventricle. These results are not in agreement with data in the literature. Coimbra et al. [2] described a slight rise of peripheral glucose after injection of both glucose and insulin into .the CSF. This discrepancy may be due to the facts that, firstly, Coimbra et al. used 24 hr deprived rats and, secondly, they gave glucose in a pulse injection while the rats in our study received a continuous infusion during one hour and, thirdly, the rats in our study were fed ad lib, albeit on a carbohydrate free diet. The last point merits further attention. Iguchi et al. [8] reported that a decrease of blood glucose occurs after injection of insulin into the VMH of rats, provided that blood was withdrawn from the hepatic vein. This decline of blood glucose was absent if they sampled arterial blood from the tail. They assumed that the observed drop in blood glucose was caused by a decrease of glucose output from the liver. Mixing of blood from the hepatic vein with blood from the anterior and posterior venae cavae would mask the glucose change. The failure to find a decline of blood glucose in our study during glucose infusion in the third ventricle of rats on a carbohydrate rich diet may be attributed to an analogous phenomenon: a continuously copious supply of glucose from the gut masks completely a contingent diminishment of glucose output from the liver. As an alternative it might be as well that when receptors in the brain are sensing a sufficient glucose supply as occurs during glucose infusion in the third ventricle the brain diminishes glucose output from the liver to spare the scarce carbohydrate reserves. This is supported by the fact that the continuous gluconeogenesis necessary to maintain a normal glucose level in the rats fed carbohydrate free food is influenced by the VMH and LHA [6, 16] . In animals accustomed to carbohydrate rich food the necessity of economizing on carbohydrates might be without importance because there is an ample supply of carbohydrates at all times. Further investigations are necessary to discern between these alternatives.
A possible involvement of the brain might occur as follows. Glucosensitive neurons in the LHA [12] might be stimulated either directly by penetration of glucose from the ventricular system into the LHA or indirectly by transmission of signals recorded from glucoreceptors in the lining of the ventricular system to the LHA or other glucosensitive areas in the brain. For the latter view there are indications in the literature. Ritter et al. [13] postulate the location of receptors sensitive to glucose analogues in the fourth ventricle. Moreover, in the lining of the third ventricle structures are present which have the appearance of receptors with direct connections to the VMH [9] . The VMH in its turn is connected to the LHA via the dorsomedial hypothalamus [9] .
The rise of blood glucose occurring during infusion of insulin in the third ventricle of rats fed carbohydrate free food can be explained only by either an augmented glucose output from the liver or a diminished glucose utilization in the periphery. However, such a diminished utilization is unlikely since plasma insulin--the major regulator of peripheral glucose utilization--does not alter during intraventricular insulin infusion. The failure to observe an increased glucose output from the liver in rats on a carbohydrate rich diet may be due again to the masking effects of a continuous glucose supply from the gut. Alternatively, it can be hypothesized that the brain of rats on carbohydrate-free food is more sensitive to the glucoprivic nature of insulin, i.e., the insulin infused into the third ventricle might transport glucose into insulin sensitive glucoreceptor neurons [12] resulting in a decline of CSF glucose with a concomitant lack of glucose for these glucoreceptor neurons. To counteract this lack of glucose in the CNS the output of glucose by the liver might be enhanced. One should expect that glucoprivation of the CNS during intraventricular insulin infusion will occur with some delay because the glucose initially present in the CSF has to be transported to the glucoreceptors. Only then might signals arise to augment liver glucose output. Indeed data depicted in Fig. 2 from the second experiment show that blood glucose begins to rise only after 15 min.
Attention has to be paid here that Iguchi et al. [8] found a decrease of blood glucose after injection of insulin directly into the VMH. It could be argued that these insulin sensitive glucoregulator areas are located in the blood vessels of the brain. Insulin injected stereotacticaUy into the VMH [8, 24] may interact with intravascular receptors. Taking this argument into consideration our apparently contradictory result, i.e., a rise of blood glucose during insulin infusion in the third ventricle, can be explained.
The hypothesis that the CNS itself is involved in the regulation of peripheral glucose levels by monitoring both CSF glucose by glucose-sensitive neurons and insulin dependent glucose transport by insulin-sensitive glucoreceptor neurons is supported by the results of the experiment in which a combination of glucose and insulin was infused into the third ventricle. In this case a blood glucose level was attained just between the values obtained during infusion of glucose and insulin separately.
Since plasma insulin levels do not change during the experiments in which either glucose, insulin or a combination of both is infused it is very likely that the CNS influence on peripheral glucose is exercised by a mechanism directly changing the glucose output from the liver though the involvement of non-pancreatic hormones cannot be excluded. A possible involvement of glucagon to alter glucose output from the liver is less probable, otherwise we should have also found a change in plasma insulin because a rise of insu-lin should be expected when glucagon release is stimulated [26] .
Regarding the pathways from the CNS to the liver it follows from the work of Shimazu [15] and Szabo et al. [24] that both the sympathetic and parasympathetic divisions of the autonomic nervous system may be involved. A continuous sympathetic tone on the liver is likely in the conscious freely moving rat, as appears from the observation that simultaneous application of an a and /3 adrenoreceptor blocker leads to an immediate decline of peripheral blood glucose [19] .
Finally, it can be concluded that changes in CSF levels of glucose and insulin can affect blood glucose levels in rats on carbohydrate free food, i.e., a condition in which they have to economize on carbohydrates because these must be synthetized by gluconeogenesis.
An intriguing aspect is also that changes in CSF levels of glucose and insulin are involved in the regulation of food intake. Infusion of insulin in the CSF of baboon [29] and rat [3] diminishes food intake resulting in a lowered body weight.
